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SUMMARY 

An  investigation  was  carried  out,  under  the  auspices  of  GARTEUR,  at 
four  European  aerospace  research  establishments  as  the  first  phase  of  a 
collaborative  research  programme  on  impact  damage  tolerance  of  composite 
materials.  Laminates,  from  a  common  batch  of  material  and  having  a  [  0  9C 
0  t45  01  lay-up,  were  impacted  by  dropweight  and  residual  strengths  were 
measured  in  tension  and  compression.  Post  impact  fatigue  strengths  were 
measured  under  fully  reversed  loading  for  specimens  containing  barely 
visible  impact  damage.  The  impact  damage  significantly  reduced  the  static 
compressive  strength  but  subsequent  fatigue  loading  produced  little  further 
reduction  in  strength  and  the  fatigue  strength  at  106  cycles  was  similar 
to  that  for  non-impacted  specimens.  All  four  establishments  produced 
similar  results  and  in  Phase  2  they  will  study  in  more  detail  a  wider  range 
of  materials  and  test  parameters. 
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L  INTRODUCTION’ 

A  GARTEUK  action  group,  comprising  DFVLR  of  Germany,  !ilR  of  Holland,  ON* ERA  of 
France  and  RAE  of  England,  was  established  to  investigate  the  impact  damage  tolerance  ot 
composite  materials-  Separate  programmes  at  these  establishments  had  previously  compared 
the  effects  of  impact  damage,  simulating  dropped  tools  and  runway  stones,  with  indenr.er 
damage  and  machined  notches,  in  a  variety  of  composite  materials  measuring  residua, 
static  strengths  and  stiffnesses  and  post  impact  fatigue  properties.  In  general  it  hod 
been  found  chat  broken  fibres  significantly  reduced  tensile  strengths  whilst  de Lamina¬ 
tions  reduced  compressive  strengths.  For  penetrated  laminates  the  damage  had  a  similar 
effect  to  chat  of  machined  holes  of  a  similar  size,  but  barely  visible  impact  damage 
(8VID)  could  sometimes  be  more  severe  than  artificially  simulated  defects. 

Initially  the  action  group  sorted  out  test  techniques  to  produce  impacts,  to  detect 
and  characterise  Che  damage  and  to  measure  the  strengths  of  damaged  laminates,  in 
particular  the  design  of  anti-buckling  guides  for  compressive  testing.  Eventually  the 
group  focussed  on  the  problems  of  BVIU  in  carbon  fibre  reinforced  epoxy  resin  laminates 
and  the  possibility  of  damage  growth  becoming  critical  under  fatigue  loading.  Phase  l 
was  to  be  a  'round  robin'  with  standardised  damage  in  a  common  batch  of  material  to  check 
that  the  four  laboratories  produced  consistent  results.  Phase  1  could  then  study  a  wider 
range  of  materials  and  test  parameters  with  greacer  confidence  in  the  comparability  of 
the  results. 

This  report  gives  the  results  of  Phase  1,  collating  RAE  data  with  those  from  che 
ocher  three  laboratories1  3.  A  single  batch  of  carbon  fibre  pre-preg  was  divided  and 
sent  to  the  four  laboratories  who  had  it  layed  up  and  moulded  into  [ 0  90  0  i45  0^  lami¬ 
nates.  The  standard  level  of  BVID  was  established  by  preliminary  testing  and  was  used  by 
all  four  sites.  Residual  strengths  were  measured  in  tension  and  compression,  and  post 
impact  fatigue  properties  were  measured  under  fully  reversed  axial  Loading  (R  ■  -1)  so  as 
to  test  the  susceptibility  of  the  material  to  damage  under  as  wide  a  range  of  loading  is 
possible.  Complementary  investigations  during  and  after  the  common  programme  of  testing 
are  reported  for  the  different  laboratories. 

2  MATERIALS 

The  preimpregnated  material  was  obtained  from  Ciba-Geigy  (UK)  Ltd,  designated 
Fibredux  914C-TS-5,  batch  number  75750131.  It  comprised  high  strength  carbon  fibres 
(T300)  in  an  epoxy  resin  (BSL  914-C),  in  the  form  of  warp  sheet  300  ram  wide  with  a 
moulded  thickness  of  0.125  ram  and  a  nominal  fibre  volume  fraction  of  bOX.  RAE  conducted 
some  parallel  tests  on  a  second  high  strength  fibre  (XAS)  in  the  same  epoxy  resin. 

DFVLR  moulded  a  unidirectional  sheet  from  sixteen  plies  of  material,  2  ram  thick, 
and  tested  it  in  three  point  bend  to  check  the  quality  of  the  material.  The  results  are 
given  in  TabLe  l.  The  relatively  high  values  of  ILSS  and  transverse  flexural  strength 
indicated  chat  the  mouLding  was  satisfactory,  although  the  fibre  volume  fraction  was 
sLLghtly  low.  The  longitudinal,  flexural  strength  indicated  that  the  fibre  strength  was 
satisfactory  but  the  longitudinal  Young's  modulus  was  on  che  low  side. 


le  r-1 


Multidirect tonal  laminates  were  made  in  earn  of  the  four  rountri.es  for  t- 
part  of  the  programme*  The  lay-up  was  ^0  90  0  £45  0  ,  12  plies  thick  naving  y.  ,  . 5 

plies  and  containing  45°  plies  for  torsional  stiffness  and  90®  plies  for  later*  1  stiff¬ 
ness,  typical  of  aircraft  skin  lay-ups.  The  laminates  were  moulded  in  autoclaves  at  RaE  , 
DFVLR  and  MLR  and  in  a  press  at  ONERA,  to  the  lanufac  tu re  r f  s  recommend.* :  ions :  I  uur  ‘.re 
at  l70aC  and  4  hours  post  cure  at  190°C.  The  MLR.  laminates  were  approximately  L . 3  mn 
thick  with  fibre  volume  fractions  of  62%,  but  the  ocher  three  laboratories  produced  lami¬ 
nates  approximately  1.8  am  thick  with  fibre  volume  fractions  of  about  52%.  Polished 
cross  sections  of  typical  laminates  are  shown  in  Fig  1.  It  can  be  seen  chat  in  all  '*^es 
Che  mouldings  were  satisfactory  with  few  voids. 

3  DRQPWEIGHT  IMPACT 

A  dropped  weight  is  a  simple,  reproducible  means  of  causing  impact  damage,  typical 
n*  a  dropped  hand  cool,  but  the  type  and  extent  of  the  damage  depends  on  the  te->t 

4 

geometry  .  The  laminates  were  impacted  befcre  being  cut  into  test  specimens 
(250  mm  x  50  mm),  except  at  MLR  where,  by  mistake,  specimens  were  cut  out  first.  Tne 
laminates  were  supported  horizontally  over  a  steel  cylindrical  support,  100  mm  internal 
diameter  and  140  rara  external  diameter  and  clamped  by  means  of  a  simiLar  cylinder.  The 
impactor  was  dropped  through  1  m  (impact  velocity  4. *3  m/s)  and  had  a  nose  diameter  of 
10  ram.  Typical  arrangements  are  shown  in  Fig  2  (ONERA)  and  Fig  3  (DFVLR).  RAE  did  some 
preliminary  tests  in  which  the  mass  of  the  dropped  weight  was  varied.  It  was  found  that 
a  mass  of  306  gra  (incident  energy  3  J)  caused  damage  that  was  barely  visible,  had  little 
effect  on  tensile  strength  but  caused  a  significant  decrease  in  compressive  strength  (see 
section  4).  Furthermore  the  lateral  extent  of  the  damage  was  ’less  than  1'3  of  the  sub¬ 
sequent  specimen  width.  Thus  3  J  was  chosen  as  the  standard  incident  energy.  The 
weight  rebounded  to  a  height  of  approximately  0.25  m,  thus  retaining  0.75  J  energy  and 
imparting  2.25  J  to  the  specimen  and  its  supports.  Both  ONERA  and  DFVLR  instrumented 
their  equipment.  ONERA  recorded  the  specimen  oscillating  at  55  Hz  with  a  central 
displacement  of  about  4  ram.  The  DFVLR  results  are  shown  in  Fig  4  showing  the  accelera¬ 
tion,  velocity  and  displacement  of  the  weight  during  impact,  Indicating  a  displacement  of 
4.5  mm.  a  maximum  load  of  1.58  kN  and  an  absorbed  energy  of  1.63  J. 

For  3  J  incident  energy,  the  damage  visible  on  the  surface  was  a  very  slight  dent 
on  the  front  face  and  a  split  on  the  back  face,  20  mm  to  25  ram  long,  parallel  to  the 
fibres.  Damage  at  a  higher  level  of  incident  energy,  8  J,  is  shown  in  Fig  5  for  both 
T300/914  and  XAS/9L4.  Both  exhibit  a  tough  fibrous  fracture  which  is  contrasted  with  tne 
brittle  behaviour  of  a  simiLar  ^0  90  0  £45  0j^  laminate  made  over  10  years  previously, 
with  an  excessive  bond  strength  between  the  carbon  fibce  and  the  epoxy  resin. 

The  panels  were  examined  by  ultrasonic  C-scan  In  all  four  Laboratories.  Fig  o 
shows  the  RAE  results  for  various  Levels  of  incident  energy,  showing  the  areas  of  damage 
elongated  in  the  direction  of  the  0®  fibres.  The  reproducibility  of  the  damage  is  shown 
in  Fig  7  (ONERA)  and  Fig  8  (DFVLR)  where  delaminated  areas  were  212  (CV  19%). 

Because  Che  MLR  specimens  were  more  compliant  under  impact  loading  (thinner  laminates  and 
l.*ss  rigid  supports)  more  of  the  incident  energy  was  tikan  in  elastic  deformation  and 
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Che  areas  of  damage  were  smaller  (about  70  mm^);  a  number  of  specimens  were  damaged  using 
3.5  J  incident  energy  but  che  areas  of  damage  were  noc  s ignir icanc ly  greater  man  for  3  3. 

Cross  sections  were  taken  through  che  damaged  areas  and  examined  oy  optics! 
microscope,  Fig  9  (DFVLR)  and  Fig  10  (ONERA).  These  show  multiple  de laminae  ions  through 
the  thickness  the  extent  of  the  de laminae  ions  increasing  towards  che  back  face  and 
extending  further  In  the  0°  direction.  In  Fig  10a  it  can  be  seen  that  the  de lamina cions 
occurred  at  the  ±45  interface  and  on  the  impact  side  of  all  the  0®  plies.  Since  the 
impact  supports  were  circular  all  the  plies  were  cadial  through  the  damage  area.  The 
asymmetry  arose  therefore  because  of  che  greater  stiffness  in  the  0°  direction,  due  to 
Che  greater  number  of  0°  plies  and  the  0®  plies  on  the  outside,  chus  causing  greater 
stresses  in  this  direction.  The  extent  of  delaminac ion  associated  with  individual  inter¬ 
faces  can  be  seen  more  clearly  in  translucent  materials  such  as  glass  fibre  or  arauid 
fibre  laminates^,  in  which  the  delamination  extended  on  the  impact  side  of  each  ply  in 
the  direction  of  che  stiff  fibres  in  that  ply.  Also  In  Figs  9  and  10  can  be  seen  trans¬ 
verse  cracks  in  each  ply  angled  at  approximately  45®  to  the  laminate  plane  so  as  to  be 
perpendicular  to  the  tensile  component  of  the  shear  stress  associated  with  the  flexure. 

4  STATIC  TESTS 

After  impact  and  inspection  the  panels  were  cut  into  specimens  250  mm  *  50  mm,  so 
that  che  damage  was  at  che  centre,  and  tested  in  either  axial  tension  or  axial  .'on- 
pression.  In  compression  an  ant 1-buckling  device  was  used  to  prevent  gross  buckling  of 
the  specimen  but  to  allow  local  buckling  of  damaged  plies.  All  four  laboratories  used 
similar  anti-buckling  devices  based  on  a  design  by  DFVLR  and  shown  in  Figs  11  to  14.  The 
side  plates,  coated  with  PTFE  to  reduce  friction,  provided  edge  restraint  approximate ly 
12  tun  in  from  each  side  over  most  of  the  gauge  length,  leaving  a  gap  of  only  a  few  im  to 
allow  for  compressive  strain.  The  T-pieces  were  used  so  that  the  small  gap  did  not 
extend  in  a  straight  line  across  che  specimen.  These  T-pieces  had  roughened  surfaces 
(except  on  the  tongue  of  the  T)  so  that  they  could  be  clamped  on  to  the  specimen  in  the 

test  machine's  grips,  without  having  to  use  adhesive.  It  was  found  that  the  T-pieces  had 

to  be  restrained  by  the  cross  members  (see  Figs  11  and  13)  to  prevent  out-of-plane  move- 
ment.  Thus  the  unrestrained  portion  of  the  gauge  length  was  70  mm  x  26  mm  with  the 
damaged  area  approximately  25  am  *  10  mm  at  the  centre.  MLR  tested  some  undamaged  speci¬ 
mens  in  compression  with  gauges  on  each  side  (see  Fig  14)  and  found  that  che  unrestrained 

portion  buckled  for  applied  loads  greater  than  about  33  kN  corresponding  to  a  strain  of 
0.56%.  For  the  thicker  specimens  used  by  che  ocher  three  laboratories  this  would  occur 
at  about  0.79%  strain  or  530  MPa  applied  stress.  Fig  15  shows  some  results  for  damaged 
specimens  tested  in  tension;  the  Load  strain  curves  were  almost  identical  for  che  two 
strain  gauge  locations,  confirming  that  the  de  laminae  ion’  damage  had  had  negligible  effect 
on  the  local  in-plane  tensile  sclffness. 

RAE  had  damaged  some  of  the  laminates  over  a  range  of  incident  drjpweighc  energies 
and  the  residual  tension  and  compression  strengths  are  shown  in  Fig  lb.  The  results  for 
XAS  1914  and  T3Q0/914  were  very  similar.  The  tensile  strength  was  noc  affected  much  by 
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the  delaminac  tor:  damage  tnat  occurred  up  co  3  J  incident  energy, 

4  J  and  above  caused  significant  reductions  in  strength.  The  de  laminar  L  jn  however  .::  : 
reduce  the  empress ive  strength  for  incident  energies  greater  than  i  ’•  r  r  :m  f.eso 
results  it  was  decided  chat  the  standard  damage  for  the  subsequent  fatigue  tests  -i.-.l:  > 
that  caused  by  3  J  incident  energy.  Taoles  2  to  -»  give  the  results  of  toe  stittr  test-;. 
There  was  reasonable  agreement  for  the  compressive  strength:  590  -  50  :i?a  far  jnda -.aged 
specimens  and  340  t-0  MPa  for  damaged  specimens.  For  the  tensile  strengths  toe r*  were 
much  greater  differences  between  the  laboratories  for  both  damaged  and  undamaged 
specimens:  b30  MPa  to  930  MPa  for  undamaged  specimens  and  490  MPa  to  9t>._-  :?a  for  Jaiage: 
specimens.  It  is  assumed  tnat  these  differences  in  tensile  strengens  founa  by  t:i« 
laboratories  was  caused  by  differences  in  stress  concent  rat  ions  associated  with,  gripping 
the  test  specimens,  and  this  is  supported  by  pnocographs  of  oro<en  jpecimens  shown  ; 
section  b. 


5  fATICuL  TESTS 


Fatigue  tests  were  carried  out  on  both  undamaged  specimens  and  on  specimens 
containing  the  damage  produced  by  3  J  incident  dropweight  energy.  The  loading  was  M-.y 
reversed  axial  loading  (R  -  -l)  applied  by  servo-hydraulic  fatigue  aachir.es,  using  the 
ant  i-buckling  devices  described  in  section  4.  RAE  and  NLR  used  nvcraul cries 
ON* ERA  and  DfVLA  used  mechanical  grips.  The  first  100  cycles  were  at  a  frequency  a:  «■  “-z . 
while  the  load  was  adjusted  to  the  required  level.  The  frequency  was  men  me re*se:  -  - 
5  Hz  for  the  remainder  of  the  test,  higher  frequencies  being  avoided  so  is  not  fa  mme 
heating  problems.  All  the  failures  occurred  during  the  compression  half  cycle,  since  the 
specimens  were  weaker  in  cofdpression  than  in  tension.  The  damaged  specimens  r  a  mm 
through  the  damaged  region.  Many  of  the  undamaged  specimens  failec  witnm  tne  ga  me 
length  but  some  showed  evidence  of  fretting  round  the  end  T-pieces  with  ramures 
occurring  in  this  region,  and  at  MLR,  these  were  at  re-ativem  short  ratigue 

The  results  ace  given  in  Tables  j  to  ’  and  plotted  in  rigs  1'  to  11.  The  res.lm 
for  all  four  laboratories  are  plotted  together  in  Fig  21.  It  can  oe  seen  chi:  mer-  m 
much  better  agreement  for  the  fatigue  results  than  for  the  static  results.  The  values 
for  undamaged  specimens  fall  from  about  b<')0  MPa  at  short  lives  to  about  .300  MPa  »: 

|'J°  cycles.  The  slope  of  the  curve  for  damaged  specimens  shows  less  degradation,  :r:-. 
jvist  >vec  300  MPa  at  short  lives  to  over  ZOO  :iPa  at  10°  cycles. 


The  RAE  results  shown  in  Fig  1 7  indicate  chat  for  the  undamaged  specimens  tner-  -as 
verv  littLe  difference  between  XAS/914  and  T300/91-* .  For  damaged  specimens,  tne  s.ignt*./ 
greater  area  of  de  laminae  ion  in  XAS  -  9 14  (see  Fig  b)  led  to  slightly  lower  fatigue 
strengths,  but  for  both  materials  there  was  no  evidence  of  any  further  reduction  m 
f.itj  ;ue  strength  up  to  10*3  cycles.  The  MLR  results  (Fig  18)  showed  no  significant 
difference  between  the  specimens  impacted  by  3  J  and  those  i%oaeted  by  3.5  J.  .he  AERA 
results  (Fig  19)  snow,  for  undamaged  specimens,  chat  specimens  failing  in  t -e  gi 

•,  uni  those  Mi  ling  near  the  ends  had  similar  fatigue  lives.  The  DFVLR  results 


Fig  2!  1 >  sh 


Mie  importance  or  the  restraints  on  the  T— pieces  t j  aviid  au t“0 t — r M  .e 
>i>ori  circles  for  unrestrained  ends  ail  snowed  lower  fatigue  lives  t  '.an  tne 
*,>r  specimens  with,  restrained  ends. 


DFVLR  monitored  Che  sciffness  of  the  specimen*  e  lent  r  3-opc  ic  + 1 1/  oy  r-.  rj.u  :  - 
root  mean  square  elongation  of  a  50  nun  section  of  gauge  length.  Nit:  .i-’.jni:-;: 
no  change  in  stiffness  was  detected,  but  with  damaged  specimens  the  stiffness  r-- u  .c  •- c 
cowards  Che  end  of  the  fatigue  life  as  shown  in  rig  21.  This  was  mini'/  :ue  t  >  an 
increase  in  compressive  compliance.  If  these  results  were  plotted  on  i  linear  -.ctle, 
reduction  in  stiffness  would  commence  at  about  half  the  eventual  Lifetime.  This  reduc¬ 
tion  m  sciffness  towards  the  end  of  the  fatigue  life  of  damaged  specimens  wi«,  sufticieM 
to  stop  the  test  on  the  MLR  machine.  These  specimens  were  then  tested  static  a  11/  m 
tension;  although  there  had  been  damage  growth  leading  to  a  reduction  in  compressive 
sciffness,  there  was  no  apparent  reduction  in  residual  tensile  strength. 

b  DAMAGE  GROWTH  AND  FRACTURE  SURFACES 

ONERA  monitored  the  damage  using  X-rays  and  a  radio-opaque  dye.  Fig  23  snows  t  .e 
damage  for  two  specimens,  one  immediately  after  impact  and  the  other  -after  10°  cvcles. 
There  is  no  apparent  evidence  of  any  damage  growth,  apart  perhaps  from  some  small  ~racxs 
in  the  0°  direction.  There  was  no  evidence  of  any  edge  cracking,  which  has  been  observed 
with  other  stacking  sequences6.  Calculations  at  ONERA,  of  the  edge  stresses  expected 
from  the  present  stacking  sequence,  are  shown  in  Fig  24.  The  maximum  stress  was  for 
?zz  ,  the  through-thickness  normal  stress,  but  this  was  only  3bout  3%  of  the  applied 
stress  and  would  not  be  expected  to  cause  cracking. 

The  NLR  specimens  that  had  not  failed  in  fatigue  were  inspected  by  ultrasonic 
C-scan  and  the  scans  are  shown  in  Fig  25.  Comparing  these  results  with  chat  shown  in 
Fig  15  it  can  be  seen  that,  with  the  exception  of  specimen  2A3 ,  there  is  very  little  evi¬ 
dence  of  major  delamination,  even  though  specimens  2Ab,  2*9  anu  2A10  had  indicated  a 
reduction  in  stiffness:  there  was  however  a  small  amount  of  damage  growth  in  the  0® 
direction. 

Photographs  of  fractured  specimens  are  shown  in  Figs  2b  to  31.  The  static  tension 
specimen  shown  in  Fig  2b  (DFVLR)  snows  evidence  of  failure  from  a  stress  concent  rat i :n  at 
the  end  grip;  this  might  explain  why  DFVLR  did  not  get  any  static  tensile  strengths  above 
bJO  MPa.  Fig  27  shows  static  tensile  specimens  for  XAS/914  and  T300/9N;  as  in  the  case 
of  C-scans  (Fig  6)  and  fatigue  strength  (Fig  17)  there  is  evidence  of  slightly  more 
splitting  in  the  case  of  XAS/914  even  though  there  was  no  significant  difference  in 
strength.  Fig  28  shows  ONERA  specimens  which  indicate  that  fatigue  specimens  suffer  more 
splitting  parallel  tc  the  fibres  than  specimens  failed  statically  in  tension.  This  is 
also  shown  for  compression  specimens,  Fig  29.  The  fracture  surfaces  found  by  DFVLR  after 
fatigue  tescing  show  that  non-impacted  specimens  had  relatively  smooth  fracture  surfaces 
with  much  evidence  of  compression  failures  (Fig  30)  while  the  impacted  specimens  showed 
more  splitting  and  delamination  (Fig  31). 

7  DISCUSSION’ 

Static  tests  were  conducted  at  strain  races  that  caused  failure  in  a  time  of  the 
order  of  l  minute.  This  was  much  slower  than  the  strain  rate  of  the  fatigue  tests  where 
the  first  peak  stress  was  reached  in  0.23  second.  For  carbon  fibre  laminates  tested  in 
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tension  this  would  not  cause  much  effect,  whereas  for  CR?  tnera  is  *  ;-m:u  er:*ct 

of  strain  rate.  However,  in  compression,  the  matrix  properties  could  nor-  otfect 

and  strain  rate  might  be  significant. 

The  static  tensile  strengths  measured  were  very  different  for  t:.e  four 
laboratories.  MLR  measured  the  highest  strengths,  and  the  smaller  extent  of  damage  in 
their  impacted  specimens  caused  no  apparent  reduction  in  strength.  DFVLr  recorded  toe 
lowest  values  for  undamaged  strength  with  Oh'ERA  and  RAE  getting  intermediate  values. 

There  was  better  agreement  for  the  tensile  strengths  of  damaged  specimens  but  this  was 
understandable  as  failures  occurred  through  the  damaged  area  and  thus  the  results  would 
be  influenced  less  by  other  stress  concentrations.  In  any  further  collaboration  the 
source  of  this  scatter  in  tensile  strengths  should  be  identified. 

In  compression  the  higher  values  of  strength  should  be  viewed  as  minimum  values 
because  of  MLR's  findings  on  buckling:  for  ^R,  strengths  above  about  150  MPa  and  for  the 
ocher  three  laboratories  strengths  above  about  530  MPa.  However  the  agreement  between 
the  four  laboratories  was  good  and  in  future  collaborations  thicker  specimens  should  be 
used  to  avoid  buckling.  The  values  for  impact  damaged  specimens  were  all  well  beiow  the 
buckling  level  and  again  the  agreement  between  the  four  laboratories  was  good.  In 
fatigue  testing  the  four  laboratories  obtained  very  similar  results.  The  undamaged 
specimens  showed  fatigue  strengths  which  fell  from  about  600  MPa  to  about  300  MPa  at 
106  cycles.  This  is  typical  of  fatigue  under  compression  loading;  under  tension  fatigue 
this  lay-up  would  have  shown  a  smaller  decrease  in  fatigue  strength.  But  there  was  some 
evidence  of  damage  being  caused  by  the  end  fittings  and  the  anti-buckling  device,  so  the 
long  term  fatigue  strength  could  possibly  be  better. 

The  damaged  specimens  exhibited  less  decrease  in  strength  on  fatigue  loading,  which 
together  with  the  evidence  from  X-rays,  C-scans  and  stiffness  measurements  showed  that 
little  damage  propagation  occurred.  This  is  similar  to  the  effects  of  tension  fatigue  of 
notched  CFRP ,  where  local  splitting  near  the  notch  reduces  the  stress  concentration  and 
can  cause  increases  in  residual  strength.  With  compression  fatigue  or  fully  reversed 
loading  on  specimens  containing  damage  in’  the  form  of  de iaralnat lor.  it  could  be  that  local 
softening  could  reduce  the  stresses  near  the  damage  and  merely  increase  the  net  section 
stress.  This  would  be  supported  by  the  similar  net  section  fatigue  strengths  exhibited 
by  damaged  and  undamaged  specimens  at  long  lifetimes.  It  is  not  clear  whether  increases 
in  residual  compressive  strength  can  lesult,  as  in  tension,  but  this  will  be  investigated 
in  future  collaboration  in  Phase  2. 

The  relatively  flat  S-N  curves  for  damaged  specimens  under  reversed  loading, 
simiLar  to  those  for  tension  fatigue,  supports  the  design  principle  that  strain  limits 
imposed  to  allow  for  reductions  in  static  strength,  due  .o  notches  or  BVID,  also  allow 
for  fatigue  effects.  However  the  results  obtained  here  are  for  only  one  stacking 
sequence  and  could  be  rather  specific;  the  similarities  between  XAS/91«  and  T300/91-* 
indicate  that  they  are  not  so  specific  for  fibre  type.  More  investigations  of  parameters 
such  as  lay-up,  layer  thickness  and  resin  will  be  needed  before  more  general  conclusions 
[-.in  be  drawn. 
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As  modifications  are  Made  in  Materials  or  vert ies  t-i  taps:  y:*  .e  s:.:,  .  -  .c'.  > 

damaged  laminates,  tor  example  by  using  higher  strain  fibres  ,  imor  v.'e  c  r-s  .  r  :  . 

laminates5,  ic  will  be  important  to  determine  whether  the  post  damage  fatigie  »:r-  'c*.' 
has  also  been  improved.  If  not,  then  fatigue  strengths  might  Deo. me  i  n«.  r-  s .  1 :  ;  ■ 

feature  of  the  design  of  composite  structures. 

8  CONCLUSIONS 

These  carbon  fibre/epoxy  resin  laminates  are  susceptible  tc  low  energy  or  4  -  • 

impact  damage,  especially  when  tested  in  compression.  The  threshold  energy  f  :>r  re.:^  :  1 
in  compressive  strength  was  about  1  J  whereas  in  tension  it  was  about  -»  J.  3a rely 
visible  impact  damage,  comprising  multiple  delaminations  and  transverse  r racks  pa r t 1 ' e 1 
to  Che  fibres,  had  little  effect  on  tensile  strength  but  reduced  the  compressive  s: 
by  about  40%. 

Fatigue  behaviour  under  fully  reversed  axial  loading  was  dominated  by  the 
compressive  loading.  Non-impacted  specimens  had  a  fatigue  strength  at  10°  cycles 
approximately  one  half  chat  of  the  short  life  strength.  Although  the  barely  visiole 
impact  damage  caused  a  marked  reduction  in  static  compressive  strength,  there  was  little 
damage  growth  and  little  further  reduction  in  fatigue  strength.  At  I0C  cycles  the  net 
section  fatigue  strength  for  damaged  specimens  was  similar  to  that  for  non-impacted 
specimens. 

The  four  laboratories  obtained  considerable  variation  in  the  static  tensile 
strength  of  undamaged  specimens.  There  was  better  agreement  in  the  static  compressive 
strength,  and  in  the  tensile  and  compressive  strengths  of  impact  damaged  specimens. 

There  was  good  agreement  in  all  the  fatigue  results.  There  was  sufficient  confidence  in 
the  consistency  of  the  results  from  the  four  laboratories  to  proceed  to  Phase  2  of  the 
collaborative  research  programme  in  which  a  wider  range  of  material  and  test  parameters 
will  be  studied. 
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FLEXURAL  PROPERTIES  OF  UNI JlRECTl  jSaL  lARBA  = 

MEASURED  IS"  THREE  ?OT  .'T  -7- 


Interlaminar  shear  strength  MPa 

(CV)  o  . " 

Longitudinal  flexural  strength  MPa  1*2, 


(CV) 

Longitudinal  Young's  modulus 

GPa 

(CV) 

:03. *  ;mii  r.i 

Transverse  flexural  strength 

MPa 

:  - 

Transverse  Young's  modulus 

GPa 

vSi.'i.'.: 

Fibre  volu>ne  fraction 

51.5’;  tz  57“ 

Table  2 

STATIC  STRENGTH  PROPERTIES  OF  UN  DAMAGE  0  AND  IMPACT  DAMAGED 

[0  90  0.  ±45  O'  CARBON  FIBRE  LAMINATES  (SLR) 

L  *  s  _ 


Specimen 

Damage 

J 

Load 

kN 

Strength 

MPa 

Strain 

Secant  modulus 

GPa 

0-15  kN  0-40  kN 

IA1 

- 

70 

932 

1.06 

73  Si. 6 

1 A2 

- 

6i 

SI  3 

0.99 

7-»  3io 

IA3  compr 

- 

47 

32.5  buckl 

625 

0.53 

75 

l  A4 

43 

572 

70 

41  buckl 

2A1  1 

3 

72.6 

970 

1.  13 

79.3 

2  A1  2 

3 

68.5 

913 

1.09 

31.2 

281  1 

3.5 

70.0 

935 

1.12 

?z. : 

2BU 

3.5 

65.5 

872 

1.04 

Specimen  cross  section:  75  Tim2 
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STATIC  STXiN’uT'ri  ?ROPERTI£S  0:’  JNJA.‘_A0£J  j  I.-'J'-.J!  1 

O  90  0  to  3~  CARSON  FIBRE  lamina ten  .  ■■•  s.i 


Spec 

imen 

Strength 

MPa* 

840 

■ 

8  30 

H 

733 

00 

s 

2 

563 

ro 

s 

■j) 

V) 

s 

CJ 

BAB 

1  K6 

56? 

o 

BAB 

i  J  2 

605 

1 

BAB 

1  H3 

597 

"3 

00 

r 

J 

BAB 

1  IS 

364 

73 

o  w 

3 1> 

BAB 

1  J5 

334 

*  Calculated  tor  a  mean  thickness  of  1.3  5  -am 


Table  4 
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STATIC  STRENGTHS  OF  UNDAMAGED  .AND  IMF  ACT  DAMAGED 


(0  90  0  -15  01  CARSON  FIBRE  LAMINATES  (?-4£3 
_  _ s _ _ _ 


Tension 

Compression 

Width 

Impact 

Strength 

Width 

Impact  Strength 

mra 

j 

MPa 

nun 

J  MPa 

50 

0 

666 

50 

0  569 

- 

667 

” 

648 

732 

30 

655 

50 

3  3  18 

20 

- 

679 

328 

380 

50 

3 

548 

345 

482 

50 

0 

64? 

50 

0  5o4 

537 

b05 

b8l 

30 

5o7 

50 

3  278 

20 

76  2 

357 

50 

3 

38b 

■■ 

32  7 

528 

XAS/9U 
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r  ATI-JCE  RESULTS  {R  -  -I)  f  JR  LS'JAliAJSH  .-CiD  IMPACT 
‘  0  90  0  :^5  0  CARBON  ?IdR£  LAM  I  N.ATiS  ( SLR) 

' _  '  5 _ 


Specimen 

Load  P 
kN 

Stress 

MPa 

Number  it  cycles 

l  Bo 

35.4 

471 

3560 

1B7 

35.4 

471 

9280 

U8 

33.7 

450 

5780 

1B4 

33.7 

450 

21730 

I A9 

31.9 

425 

o220 

1A7 

31.9 

425 

9850 

L  Ao 

30.0 

400 

325-0 

l  B3 

30.0 

400 

- 1 7  30 

IB-2 

28.1 

375 

35450 

IA5 

28.0 

373 

184320 

181 

26.2 

350 

86680  ' 

135 

26.2 

350 

612550 

IB9 

24,4 

325 

256990 

138 

24.4 

325 

1359000 

Specimen  cross  section:  75  tnm‘ 


Specime n 

. 

Oaoaga 

J 

Load  P 

kN 

St  ress 

MPa 

Number  of  cycle 

2  a- 

3 

24.4 

325 

3410 

2a5 

3 

2-. 4 

325 

4560 

2A9 

3 

2- .  4 

325 

119220* 

2A1 

3 

22.5 

300 

45690 

2.0 

3 

22.5 

300 

69550 

2A10 

3 

22.5 

300 

103270 

2  At) 

3 

18.7 

250 

114730 

|  2a7 

3 

18.7 

250 

873730 

2  a: 

3 

15.0 

200 

1258300*- 

2.A8 

3 

15.0 

200 

1964500*- 

1  2310 

3.5 

24.4 

325 

1 

51960 

|  2B1 

3.5 

22.5 

300 

6730 

2B7 

3.5 

22.5 

300 

32280 

j  282 

3.5 

20.6 

275 

104550* 

2Bri 

3.5 

20.6 

275 

113240 

2  36 

3.5 

20.6 

275 

126410 

i  2  84 

3.5 

18.7 

250 

84290 

281 

3.5 

18.7 

250 

1000000- 

2B9 

3.5 

18.7 

250 

' 

1041000* 

♦  Unt.  li led 

*  Residual.  strength  determined  after  fatigue  Loading 
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FAT1CCRE  RESULTS  u  «  -  I)  FOR  wNOAHAoED  AND  IMPACT  DajUCEj 
[9C  0  i<o  0]  CARBON  FIBRE  LAMINATES  iONERA) 


Specimen 

Stress 

MPa* 

Number  of  cycles 

BAB 

1 

L4 

314 

1480 

BAB 

1 

L3 

514 

5323 

BAB 

l 

J1 

48b 

8922 

BAB 

1 

J6 

-86 

3176 

BAB 

i 

F3 

*.57 

22790 

BAB 

i 

Fi 

-57 

38580 

•3 

BAB 

i 

F4 

|  . 

o 

o 

ro 

3fl 

3 

BA3 

i 

E6 

1 

32870 

1 

BAB 

i 

E5 

400 

55400 

BAB 

i 

11 

371 

163910 

BAB 

i 

F6 

314 

253440 

BAB 

L 

Cl 

31- 

600440 

BAB 

i 

E3 

343 

811550 

BAB 

1 

G6 

314 

1035540  i 

3AB 

L 

L2 

286 

1  132620 

BAB 

1 

G5 

286 

50 

BAB 

1 

G4 

286 

510 

BAB 

1 

C2 

257 

8050 

n 

BAB 

i 

C3 

257 

53850 

-3 

U 

BAB 

l 

FI 

200 

234*40 

3 

j 

BAB 

1 

F5 

229 

32-090 

BAB 

l 

14 

372850  | 

BAB 

1 

13 

200 

I06* 

BAB 

1 

12 

171 

i  o'3* 

.1 


*  Calculated  tor  a  aean  thickness  of  1.73  am 


Table  7 

FATIGUE  RESULTS  (R  -  -  1)  FOR  UNDAMAGED  AMD  IMPACT  DAMAGED 
10  90  ±45  01  CARBON  FIBRE  LAMINATES  (RAE) 


Stress 

Number 

Stress 

Number 

MPa 

of  cycles 

MPa 

of  cycli 

T300/914 

600 

70 

32  2 

96000 

575 

20 

314 

12500 

500 

97400 

307 

119000 

483 

5000 

304 

2760 

402 

203000 

294 

145000 

284 

110000 

XAS/914 

510 

900 

275 

1700 

510 

10400 

250 

45600 

500 

2880 

250 

743000 

500 

b390 

249 

30500 

500 

10700 

242 

940 

500 

11500 

232 

28900 

500 

58500 

225 

201000 

475 

7610 

475 

24900 

450 

28500 

450 

58900 

400 

111000 

84049 
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94049  Cl  «4  36 


a  DFVLR  1.76  mm  thick 


b  NLP  1 .57  mm  thick 


C  ONERA  1  87  mm  thick 


d  RAE  1  83  mm  thick 


Fig  la-d  Cross  sections  through  the  [0  90  0  -45  0)  s  carbon  fibre  laminates 
moulded  in  the  four  laboratories 

X 
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6C00 


d  Displacement 
v  Velocity 
a  Acceleration 

Dropped  mass  300gm  Absorbed  energy  1  63J 

Drop  height  1  Cm  Displacement  L  5mm 

Kinetic  energy  3J  Maximum  force  1  S8kN 


Fig  4  The  displacement,  velocity  and  acceleration  of  the  dropped  weight 
during  impact  (DFVLR) 


Fig  6a&b 


Fig  6a&b  Areas  of  damage  m 
dropwenjht  energy 


45  0) .  carbon  fibre  laminate  (DFVLR) 


Fig  9  Cross  section  through  the  area  of  damage  caused  hy  3  J  incident  dropweiyht  energy  on  a 
[0  90  0  *45  0)  s  ca.l>on  fibre  laminate  (DFVLR) 


curves  (R  -  1)  for  undamaged  and  impact  damaged 

fibre  laminates  (NLR) 


Fig  20 


I 


G  T  pieces  restrained  from  out-of-plane  movement 


Fig  20  Fatigue  curves  (R  «  -1)  for  undamaged  and  impact  damaged  [0  90  0  c45  Oj 
carbon  fibre  laminates  (DFVLR) 


train  amplitude 


Fig  23 


Sp*C  rnen  9-^8  J  -5 
3  J  .Jamaqe 

0  cvcfe 


Specimen  8AB  1  3 
3  J  damage 

l06  cycles  at  t200  MPa 


F iy  23  Examination  of  damaged  laminates  using  X-rays  and  radio*op«4ue  dye  (ONERA) 


r  ™ 


Fig  24 


Fig  24  Calculated  stresses  at  the  edge  of  a  [0  90  0  ±45  0)  s  carbon  fibre  laminate  (ONERA) 


Ai 


325  MPa 

T 1 9220 
-  995  MPa 


250  MPa 
114730 
940  MPa 


»  300  MPa 

=  69550 
,  =  7 1 8  MPa 


«  300  MPa 
>  103270 
-  1005  MPa 


Fig  25 


Ultrasonic  C-scans  of  damage  after  fatigue  loading  showing  limited  damage 
growth  (NLR) 


Fig  28  Failed  test  specimens  of  10  30  J  ±45  0] ,  carbon  fibre  laminates  (ONERA) 


£►►8 l 3  6*0*8  H 1 


F'g  29 


BAS  i  1 5 
damaged 

statfc  compression 


SAB  1  J5 

damaged 

static  compression 
and  then  pulled 
apart  in  tension 


8AS  7  G5 
damaged 

fatigue  tension  /compression 
50  cycles  at  r270  MPa 


^'9  29  Failed  test 


specimens  of  (0  90  0  r4«$  nl  i  l  . 

^  0|?  carbon  fibre  laminates  fONERA) 


Fig  30  Fracture  surfaces  from  non-impacted  (0  90  0  -45  0)s  carbon  fibre 
laminates  tested  in  tension/compression  fatigue  (DFVLR) 


Fig  31  Fracture  surfaces  of  impact  damaged  (0  90  0  r45  0|  s  carbon  fibre 

laminates  subsequently  tested  in  tension/compression  fatigue  (DFVLR) 
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